Nanoparticles have unique physicochemical properties which make them promising platforms for drug delivery. However, immune cells in the bloodstream (such as monocytes, platelets, leukocytes, and dendritic cells) and in tissues (such as resident phagocytes) have a propensity to engulf and eliminate certain nanoparticles. A nanoparticle's interaction with plasma proteins (opsonins) and blood components (via hemolysis, thrombogenicity and complement activation) may influence uptake and clearance and hence potentially affect distribution and delivery to the intended target sites. Nanoparticle uptake by the immune cells is influenced by many factors. Different nanoparticles have been shown to act on different pathways, while various characteristics/properties also affect which pathway is employed for particle internalization. Nanoparticle protein binding occurs almost instantaneously once the particle enters biological medium, and the physical properties of such a particle-protein complex are often different than those of the formulated particle. These new properties can contribute to different biological responses and change nanoparticle biodistribution. Therefore, in the situation when specific delivery to immune cells is not desired, the ideal nanoparticle platform is the one whose integrity is not disturbed in the complex biological environment, which provides extended circulation in the blood to maximize delivery to the target site, is not toxic to blood cellular components, and is "invisible" to the immune cells which can remove it from circulation. This review discusses the most recent data on nanoparticle interactions with blood components and how particle size and surface charge define their hematocompatibility. This includes properties which determine particle interaction with plasma proteins and uptake by macrophages. We will also provide an overview of in vitro methods useful in identifying interactions with components of the immune system and the potential effects of such interaction on particle distribution to tissues.
Introduction
Recently, nanoenabled drug delivery systems are gaining application in the pharmaceutical industry, since nanoparticle-based drugs may have improved solubility, pharmacokinetics, and biodistribution compared to small molecule drugs. Nanoparticle-carried drugs may also be easier to administer, have fewer side effects, and offer a market advantage to their developer.
With the use of targeting, nanoparticle-based drugs can be efficacious at lower doses, which means lower costs and fewer deleterious side effects. Nanoparticle-based targeting has the potential to improve a whole host of conventional pharmaceuticals, and many nanoparticle formulations of existing drugs are already commercially available. 1 Many more will become available to patients in the near future: in 2006 alone, almost 250 nanotechnology-based products entered U.S. pharmaceutical pipelines.
However, the application of nanoparticles as intravenous drug delivery platforms may depend on avoiding rapid elimination from the systemic circulation by cells of the immune system. When nanoparticles enter the bloodstream, they immediately encounter a complex environment of plasma proteins and immune cells. Nanoparticle uptake by the immune cells may occur both in the blood stream by monocytes, platelets, leukocytes, and dendritic cells (DC) and in tissues by resident phagocytes (e.g., Kupffer cells in liver, DC in lymph nodes, macrophages and B cells in spleen). Nanoparticle uptake by immune cells may occur through various pathways 2 and can be facilitated by the adsorption of opsonins (plasma proteins) to the particle's surface. This uptake may cause a nanoparticle to be routed away from the site of its intended application and thus greatly reduce the number of nanoparticles available to reach the target site, effectively reducing the efficacy of the drug. As such, understanding nanoparticle hematocompatibility is an important step during the initial characterization of nanomaterials. There are three main categories considered relevant to nanoparticle biodistribution to the immune cells and organs; they are hemolysis, thrombogenicity and complement activation.
The term "hemolysis" is commonly used to describe damage to red blood cells (erythrocytes) leading to the leakage of the iron-containing protein hemoglobin into the bloodstream and potentially life-threatening conditions such as anemia. A nanoparticle which induces hemolysis may adsorb some quantity of the released hemoglobin and/or adhere to cell debris which in turn increases its likelihood of elimination by macrophages via scavenger receptor-and phosphatidylserine-mediated phagocytosis. 3-5 Erythrocytes occupy a larger volume fraction of the blood than do mononuclear phagocytic cells, so an intravenously injected nanoparticle is likely to interact with red blood cells prior to encounters with other immune cells. This position early in the cascade of blood contact interaction, as well as the intensity of the adverse physiological outcome (severe hemolysis may lead to life threatening conditions such as anemia), makes an examination of hemolytic activity an important aspect of preclinical characterization of nanoparticles.
Thrombogenicity is the propensity of a material to induce blood clotting and partial or complete occlusion of a blood vessel by a thrombus (a mixture of red blood cells, aggregated platelets, fibrin and other cellular elements). Some early studies have indicated a relationship between nanoparticle thrombogenicity and phagocytosis by macrophages. 6 Furthermore, nanoparticlebased drugs are often engineered to have longer systemic circulation times than small molecule drugs. These extended circulation times in the bloodstream increase the duration of the nanoparticle's contact with blood components including the coagulation system, potentially amplifying activation of the coagulation cascade and blood clotting.
Lastly, the complement system is a group of proteins linked to each other in a biochemical cascade which removes pathogens from the body and may also contribute to altered nanoparticle biodistribtion in the form of rapid clearance from the systemic circulation via complement receptor-mediated phagocytosis. In addition, complement activation by systemically administered drugs is responsible for hypersensitivity (allergic) reactions and anaphylaxis, a life-threatening condition. As such, nanoparticles intended for systemic administration should be tested for tendency to activate the complement system. The above effects confer increased importance to the preclinical testing of nanoparticle interaction with the immune system. Such preclinical testing is challenged by several factors. First, there is no harmonized procedure or regulatory guidance document currently available, though both national and international efforts are being made to rectify this situation. 7-12 Second, even though a few standards for selecting biological test methods for medicinal materials and devices exist, 13 material biocompatibility testing itself must rapidly evolve as basic research data continually suggests new and improved methods. Third, nanoparticles are a broad class of materials intended for a broad spectrum of clinical applications (e.g., as medical devices, components of vaccine formulations, or drug carriers for therapeutic intervention of malignant, inflammatory, viral, neurodegenerative and other types of disorders). The potentially different physicochemical properties of nanoparticles pose novel methodological and regulatory challenges.
A comprehensive overview of nanoparticle interaction with, and effects on, the immune system is provided elsewhere. 2 Here, we will summarize some of the available research on testing nanomaterial hematocompatibility and their interaction with macrophages. Both of these types of testing are particularly important for nanoparticle-based drugs.
Particle Properties That Influence Compatibility with Immune System
Internationally recognized standard ISO-10993 recommends using the following in vitro tests to examine hematocompatibility of medical devices: tests for hemolysis, thrombogenicity (this includes effects on platelets), and complement activation. 14 Studies describing evaluation of these properties in nanoparticle formulations are summarized further below.
Hemolysis
Several mechanisms for drug-mediated hemolysis have been suggested. These include nonimmunogenic (e.g., via direct drug-erythrocyte membrane interactions) and immunemediated (e.g., by a drug-specific antibody) hemolysis. Although multiple studies have looked at nanoparticle hemolytic properties, few have attempted to identify mechanisms.
For those nanoparticles which damage erythrocyte membranes directly, it is generally agreed that surface properties (especially surface charge) are important, and there are several studies which have demonstrated this. For example, among a set of similar-sized fullerenes (C60-derivatives) bearing different numbers of anionic and cationic surface moieties, those with negative surface charge were not hemolytic, and hemolytic tendency increased in proportion to the number of attached cationic surface groups (positive surface charge). Similarly, the presence of unprotected primary amines (positive charges) on the surface of polyamidoamine (PAMAM), 15 carbosilane, 16 polypropylene imine (PPI) 17-19 and polylysine (PLL) 20 dendrimers was associated with erythrocyte damage in a dose-dependent manner. In these dendrimer studies, blocking the primary amines (and by doing so effectively neutralizing the cationic surface charge) resulted in a dramatic decrease in hematotoxicity.
In the fullerene study referenced above, it was suggested that the presence of a combination of hydrophobic and hydrophilic areas on the surfaces of the cationic fullerene derivatives caused them to act as surfactants and resulted in the observed erythrocyte membrane disruption. 21 Further evidence for this mechanism is presented in studies in which the addition of polyethylene glycol (PEG) to a nanoparticle surface has been shown to reduce hemolytic activity while the presence of surfactants in the formulation increases those same properties. 22,23
Thrombogenicity
Certain nanoparticles intended for drug delivery applications are being engineered so as to reduce their clearance from the bloodstream to extend systemic circulation times and thus increase opportunity for delivery to a target site. When the rate of blood clearance is fast, particle interaction with blood components is minimized. An increase in the circulation time commensurately increases the duration of contact with components of the coagulation system. This may amplify adverse effects of this interaction, such as activation of the coagulation cascade, blood clotting and partial or complete occlusion of a blood vessel by thrombus. Studies evaluating nanoparticles' propensity to induce platelet activation and/or aggregation, their effects on plasma coagulation time, and tendency to initiate vascular thrombosis are useful to assess nanoparticle thrombogenicity. An early study by Movat et al. suggested a link between nanoparticle-induced platelet aggregation and subsequent phagocytosis of the particlecontaining platelets by macrophages. 6 This same study clearly demonstrated that phagocytosis of nanoparticles by platelets themselves precedes platelet activation and aggregation, thus suggesting another potential mechanism for nanoparticle removal from the circulation, i.e. redistribution to a blood clot. No comprehensive study evaluating the effects of nanoparticle size and surface properties on thrombogenic properties is currently available; however, trends observed in studies of polymer-based nanoparticles are similar in their charge-dependence to those described above for hemolysis. Specificially, Koziara et al. have shown that decreasing particle surface charge with a PEG coating decreases platelet aggregation and activation. 24 The mechanisms through which nanoparticles induce platelet aggregation are largely unknown. One recent study compares five types of carbon-based materials: C60CS (a water soluble fullerene derivative), SWCT (single-walled carbon nanotubes), and MWCT (multiwalled carbon nanotubes), mixed carbon nanoparticles, and a standardized mixture of particulate matter from an urban environment. All of these particles required activation of glycoprotein integrin receptor GPIIb/IIIa in order to cause platelet aggregation. However, pathways leading to this receptor depended on the size of the particles. For instance, micronsized particles required protein kinase C (PKC), while nanoparticle-induced integrin receptor activation was PKC-independent. 25 The same study suggested that, unlike classical platelet aggregation, carbon-based nanoparticle-induced platelet aggregation did not require thromboxane A2 and adenosine diphosphate (ADP) release. These data suggest that nanosized particles may induce platelet aggregation via untraditional pathways, which could render common anti-coagulant therapeutics less efficient at reducing nanoparticle-mediated platelet aggregation.
Complement Activation
Complement is a term used to describe a group of proteins linked to each other in a biochemical cascade which removes pathogens from the body and thus "complements" cell-mediated and humoral immunity. Nanoparticle-induced complement activation may result in altered biodistribution in the form of rapid clearance from the systemic circulation via CR-mediated phagocytosis by mononuclear cells. In addition to its primary role in nonspecific pathogen clearance, complement activation was proven to be important in supporting cell-mediated immunity through enhancement of B-cell responses to an antigen and promotion of the activation of dendritic cells (DC) and T-cells. 26 Complement activation by systemically administered drugs is responsible for hypersensitivity (allergic) reactions and anaphylaxis, a life-threatening condition. As such, nanoparticles intended for systemic administration should be tested for tendency to activate the complement system. If a particular nanoparticle does cause significant complement activation, its surface properties must be tuned to decrease these interactions to an acceptable level. On the other hand, local activation of complement by nanoparticles may be desirable for enhanced antigen presentation to benefit vaccine efficacy when nanoparticles are administered via other routes, e.g. subcutaneously or intradermally (Figure 1) . One of the best examples of complement activation by systemically administered nanoparticles is a study by Chanan-Khan and colleagues. They followed up clinical studies reporting hypersensitivity reactions to the nanoliposome encapsulated-doxorubicin formulation Doxil, and found that complement activation was causing the observed hypersensitivity. 27 Another recent study demonstrated surface-dependent complement activation occurring locally upon intradermal administration of a nanoparticle-carried vaccine. In this case, the uptake of the nanoparticles by dendritic cells, activation of T-cells, and generation of the antigen-specific immune response was dependent on complement activation by the nanoparticle. 28 Thus a nanoparticle's tendency to activate complement may be either beneficial or deleterious depending on its intended application.
It is recognized that nanoparticle surface charge is an important factor for activation of the complement system. Studies investigating polypropylene sulfide nanoparticles, 28 lipid nanocapsules, 29 cyclodextrin-containing polycation-based nanoparticles 30 and polystyrene nanospheres 31 have shown that charged nanoparticles are more efficient activators of the complement system than their neutral counterparts. Furthermore, poly(ethylene glycol) (PEG) and poloxamine 908 coatings were shown to reduce complement activation by nanoparticles. 29,32 However, dextran coatings were associated with an increase in nanoparticle-mediated complement activation and complement activation increased with the coating thickness. 33 In this same study, dextran and chitosan coatings of the same thickness were able to either inhibit or enhance nanoparticle mediated complement activation depending on the specific polymer conformation. 33 Thus complement activation is very sensitive to several aspects of nanoparticle surface coatings in that the type of polymer coating, its size, density, configuration on the surface, and accessibility to reactive groups may all play a role.
Interaction with Plasma Proteins and Macrophage Uptake
Physicochemical properties such as nanoparticle size, surface charge, solubility, and surface functionality influence nanoparticle uptake and clearance by macrophages. In general, larger particles are taken up more efficiently than smaller particles of the same composition and surface properties. 34 Particles bearing cationic or anionic surface charges have been shown to be more attractive to phagocytes than neutral particles of the same size. 35 Manipulation of nanoparticle size and charge has also proven useful to increase particle delivery to immune cells for applications such as vaccine delivery where this is desirable, and to avoid opsonization and subsequent nonspecific uptake by phagocytic cells for drug-delivery applications where the immune system is not targeted (e.g., for cancer applications or imaging). For example, for several studies with vaccine carriers, surface functionalization with chitosan and mannose was shown to deliver nanoparticles to macrophages and dendritic cells via specific phagocytic pathways and thus improve immune response to nanoparticle-bound antigens. 23,36,37 In drugdelivery applications outside vaccine delivery, addition of polymer coatings such as PEG, poloxamer, and poloxamine to the nanoparticle surface is a tool for avoiding recognition by the immune cells. 38-42 Of these polymers, PEG is the mostly commonly used in formulations for medical applications. Addition of this polymer was demonstrated to prolong particle circulation in the blood and significantly decrease uptake by spleen and liver resident phagocytes. 41 It has been hypothesized that PEG creates a steric shield around the coated particle, effectively preventing plasma proteins from adhering to the particle surface and thus avoiding subsequent uptake by mononuclear phagocytes (Figure 2 ).
Adsorption of plasma proteins onto the surface of a nanoparticle, also known as opsonization, can occur practically the instant a particle enters the bloodstream. 43 Some opsonins have high binding affinities and thus long residence time on certain nanoparticle surfaces. The physical characteristics of the resulting nanoparticle-protein complex can be vastly different from those of the native nanoparticle, and understanding these differences is essential to understand eventual distribution, clearance, and the biological responses that occur. The binding of protein can increase the nanoparticle's effective size and change its effective surface charge, which will then affect macrophage uptake. The mechanism by which protein adsorption occurs is not completely understood. However, the specific blood proteins which bind particular nanoparticles have been examined. Of those, the most common are immunoglobulins and components of the complement system, as well as other abundant blood serum proteins such as fibrinogen and albumin. 39 These proteins are thought to be important in the clearance process. 43,44 However, the complete composition of the protein coating at any given time is a function of the concentrations of all plasma proteins and their binding kinetics (equilibrium constants, on/off rates, and binding affinity). 45 Because of this, the true composition of the nanoparticle-protein complex is in continual flux through the duration of its interaction with the body.
Once internalized by the immune cells, a nanoparticle's fate is largely determined by its composition (Figure 3) . Biodegradable particles are digested and cleared from the body, 46, 47 while nonbiodegradable particles (e.g., metal colloids, ceramics) accumulate in cells for extended periods. 48 The processing of multicomponent, multifunctional nanoparticles is more complex. How do immune cells handle the individual components of a multicomponent particle? Are they processed separately or together? These and other questions likely depend on the strengths of the attachements of the individual components as well as their individual compositions.
Assays To Study Particle Interaction with the Immune System
An important initial step in the preclinical characterization of nanoparticles is testing for sterility and pyrogenicity. Pyrogens are substances that cause fever. Two types of pyrogens exist and are subject to testing during preclinical development of medicinal products: biological pyrogens (most commonly endotoxin or lipopolysaccharide) and chemical (material-mediated pyrogens). The US FDA recommends two methods for pyrogenicity evaluation: the lumilus amebocyte lysate (LAL) based assay and the rabbit pyrogen test. The importance of the LAL test to nanoparticle characterization and challenging aspects of its application are reviewed elsewhere. 49 After sterility and pyrogenicity questions have been addressed, nanoparticle formulations may be characterized in terms of their in vivo and in vitro biologic and toxic properties. Although there is no simple test (either in vitro or in vivo) which can predict a material's immunotoxicity to human patients, subjecting a nanoparticle to a battery of in vitro immunological tests may be helpful during the early stages of preclinical development to eliminate potentially dangerous candidates from pipelines and to improve understanding of the physicochemical properties which can be tuned to decrease their immunotoxicity.
The most commonly used in vitro blood compatibility tests include hemolysis, complement activation, and thrombogenicity. In vitro tests that may be useful to predict particle uptake by macrophages and distribution to organs of the reticuloendothelial system (RES) are chemotaxis and phagocytosis. These and other methods are summarized in Table 1 and can be used to understand the properties of nanoparticles intended for systemic administration (e.g., by iv route).
Challenges in the application of traditional in vitro tests to nanoparticle-induced hemolysis, thrombogenicity, complement activation, phagocytosis and other in vitro tests have been reviewed before. 49 Here we summarize the most common mechanisms of interference ( Figure  4) . One of the most frequently encountered types of interference is caused by the optical properties of nanoparticles (e.g., absorbance at or near the detection wavelength of the assay). This may result in a false-positive result. Examples of nanoparticles with optical properties that interfere with commonly used absorbance-based pharmacological tests (with detection wavelengths between 405 and 540 nm) include some nanoemulsions, water-soluble fullerene derivatives, and gold-containing nanoparticles. Other sources of false-positive results are toxic surfactants or synthesis byproducts within nanoparticle formulations (e.g., some polystyrene nanoparticle formulations contain Triton X-100 as anticaking agent, and gold nanoparticles stabilized with cetyl trimethylammonium bromide (CTAB) may contain traces of this reagent. False-positive results may also arise from nanoparticle catalytic properties, intrinsic fluorescence, or activation of luminescent reagents. Nanoparticles may also adsorb assayspecific test substances causing them to escape quantification (e.g., gold nanoparticles adsorb endotoxin), quench luminescence or fluorescence, and block protein binding leading to falsenegative results.
All of these interferences underscore that a thorough physicochemical characterization prior to in vitro tests is critical for accurate conclusions. If a nanoparticle formulation is well understood (i.e., if its optical properties, formulation, catalytic properties, interaction with assay reagents, etc. are well-known), it is easier to predict potential types of interference and thus avoid them.
Standardization efforts in the field of nanotechnology are underway at the national and international levels. Recently, two methods related to nanoparticle interaction with the immune system have been approved as standard practices by American Society for Testing and Materials (ASTM) International. 50,51 A standard for detection of nanoparticle contamination by bacterial endotoxins is being developed by International Organization for Standardization (ISO). 12 Standardization of other in vitro methods is also underway to better assess the exposure and thus possible risks posed by nanomaterials. 7-11,52
Conclusions
Understanding the mechanisms of nanoparticle interaction with the immune system is as important as analyzing potential toxic effects. It is well-recognized that physicochemical properties such as size and surface charge are critical to elements of this interaction. More experimental evidence is required to determine whether in vitro data are relevant to effects observed in vivo, and how to translate these data into a predicted response in human patients. As more mechanistic studies are published describing the interactions of various classes of nanoparticles with the immune system, a more complete picture can be proposed. Complement activation: friend or foe? The complement system serves as a nonspecific pathogen clearance aid, which complements humoral and cell-mediated immunity. Undesirable activation of the complement system results in hypersensitivity reactions, and overwhelming activation may even lead to anaphylactic shock. For this reason, it is frequently desirable to design nanoparticles intended for systemic administration such as to avoid complement activation. However, in addition to its primary role in pathogen clearance, the complement system also promotes humoral and cell-mediated immunity. Local activation of complement by nanoparticles administered via subcutaneous and intradermal routes may benefit vaccine efficacy. Nanotechnology-based pharmaceuticals are frequently composed of multiple components with varying compositions, size, and surface properties which may be engineered to achieve desirable properties. Role of protein binding on nanoparticle distribution to immune cells. Nanoparticle surface properties largely determine particle interaction with plasma proteins. Unprotected nanoparticles, such as citrate-stabilized colloidal gold, rapidly bind plasma proteins (this can be analyzed by particle separation from bulk plasma, removal of surface bound proteins and analysis by 2D PAGE). After opsonization with human plasma, these particles are taken up by macrophages. Here, transmission electron microscopy (TEM) micrographs of macrophages demonstrate particle accumulation inside cells. In contrast, PEGylated gold particles bind less protein (as can be seen by 2D PAGE) and are not taken up by macrophages (as can be seen from TEM images). Particle fate inside the immune cell is largely determined by its composition. Biodegradable particles are digested and cleared from the body, while nonbiodegradable particles accumulate in cells for extended periods. Processing of multicomponent, multifunctional nanoparticles is more complex, and more studies are required to answer questions regarding the fates of the individual components of these particles. Points to consider during assay development. Nanoparticles differ in size, composition, and surface characteristics. These differences may cause spurious experimental outcomes if the properties of the particle are poorly understood. The main challenge in nanoparticle characterization using traditional techniques is identifying potential nanoparticle interferences (and then overcoming them) to avoid false-positive and false-negative results. The particle properties responsible for false-positive and false-negative results are summarized in this diagram. Examples are given as type of nanoparticle -assay in which they cause interference. Abbreviations: PSN, polystyrene nanoparticle; cAU-NP, citrate-stabilized gold nanoparticles (colloidal gold); Dox, doxorubicin; QD, quantum dots; LAL, limulus amoebocyte lysate; ELISA, enzyme linked immunosorbent assay; NP, nanoparticle; NE, nanoemulsion.
